Introduction
The interest in chromosomes and chromosome features has been particularly conspicuous among botanists. Indeed, chromosomes were first observed by the Swiss botanist Carl Nagëli in plant cells (1842) . Later on, Barbara McClintock, whose research focus was maize cytogenetics, discovered transposable elements thanks to chromosome observations (McClintock, 1955) . With the advent of technical improvements, not only chromosomes could be observed and species' karyotypes described, but also chromosome markers were designed, thus allowing better characterization of karyotypes.
The first chromosome markers used for cyto-systematic and karyotyping purposes were ribosomal RNA (rRNA) genes and telomeric sequences, owing to the development of in situ hybridisation (Leitch et al. 1994) . Both regions are fundamental components of chromosomes of all cell types, involved in ribosome production and in stabilisation of chromosome ends, respectively. Their sequence conservation, clustered arrangement and ubiquity in all life forms made them the first election as chromosome landmarks. In eukaryotes there are four rRNA genes: the 18S, 5.8S and 26S/28S, usually tandemly arranged in this order (also called 35S in plants and 45S in animals), and the 5S which is also organized in tandems and separated from the rest. However, in some organisms, cases of linked arrangement between the four genes have been described: in plants, in the sunflower family (Garcia et al. 2009 (Garcia et al. , 2010 and in some gymnosperms (Galián et al. 2012; Garcia et al. 2013) ; in animals, in some fish and arthropods, among others (Vieira et al. 2013 ).
Telomeres are short repetitive sequences present at chromosome ends, where they have a protective function. Most plants are assumed to possess the so-called Arabidopsis-type telomere sequence (TTTAGGG) but some of them, particularly in family Asparagaceae, possess also the human-type telomere (TTAGGG) and probably different proportions of other types from animals and protozoans . Other exceptions include the recently discovered Cestrum-type (TTTTTTAGG) (Peška et al. 2015) and Allium-type telomeres (CTCGGTTATGGG) (Fajkus et al. 2016) . Telomere signals can also be detected interstitially when translocations have occurred as seen in Amaryllidaceae (Souza et al. 2016) . Moreover, telomere size is variable across species and sometimes across loci (Dvořáčkova et al. 2015 , Fulcher et al. 2015 . Therefore, telomeres can constitute a valid chromosome marker, contributing to identify karyotypes.
In 2012 we released the Plant rDNA database (www.plantrdnadatabase.com), an open access online resource giving information on the number, position and arrangement in chromosomes of rDNA loci in plants (Garcia et al. 2012) , filling the gap in knowledge on the systematization of such information. Additionally, it also provided data on chromosome number, ploidy level, genome size and life cycle. The data came from published papers in plant cytogenetics, mostly based in fluorescent in situ hybridisation studies. In 2014, we launched a second release of the database with updated content and new features improving the user's experience with the database, such as the implementation of an automatic ideogram tool or the option of downloading results in CSV files (Garcia et al. 2014) . Recently, the amount of data compiled allowed a global analysis to study relationships between rDNA locus numbers, their distribution and arrangements with chromosome numbers, genome sizes and ploidy levels (Garcia et al. 2017) . One of the most relevant conclusions of the latter was that the number of rDNA loci tends to be low, with a majority of single-locus species even in polyploid taxa. This fact was related with locus loss after polyploidy, as a part of the diploidisation process, returning polyploids to a diploid-like state over time. We also found that while 35S is located mostly terminal in chromosomes, 5S is less selective. Functionality of 35S and mobility of 5S sequences across the genome may play a role in chromosomal location of rDNAs.
The number of publications on plant cytogenetics grows increasingly faster. In a similar way, the Plant rDNA database has received attention and recent papers have cited the resource ( Bedini et al. 2016; Li et al. 2016; Bolsheva et al. 2016; Sochorová et al. 2017; Volkov et al. 2017) . The web page has received 10,419 visits in total and has a 27.90% of returning users (June 20 th 2017), with an average number of 166 visits per month since its release. With the present article we aim to describe the updated content and to introduce some new improvements to the web page, in particular: the inclusion of information of telomere composition and data on fully sequenced plant genomes.
Database content and analysis
Since the second release (June 2013), almost four years have elapsed until the third release that we are now presenting. The present update was released in March 2017 and it contains papers published or in press until the end of 2016 Within this period, the overall database content has increased by 33.25% in number of entries, and similarly in terms of new species (33.50%) with 2,148 as total number of species available. The number of publications included has grown from 610 to 785 (28.69%). Graphs showing data and publication number increase are presented in Fig. 1 . Interestingly, the year in which more data has been produced is 2016 (408 entries, or 10.78% of the whole dataset), and the last five-year period was the most productive, since almost one third of the data contained in the resource are from 2012-2016. The increase in the number of new publications and data are less pronounced than in the past release (Garcia et al. 2012) but it has to be considered that in release 2.0 many overlooked/old papers had been included. Also in the second release, we did a particular effort in collecting papers with either 5S or 35S rDNA data which had been not taken into account in release 1.0.
Once again, data belong to angiosperms (95.58%), being the group that shows the highest increase (33.28%). Eudicots represent 61.28% and monocots 37.28%, being basal eudicots the remaining 1.44% of angiosperms. We follow the taxonomic scheme of the Angiosperm Phylogeny Group (APG) IV (2016). Bryophytes have improved their representation by 6-fold, particularly thanks to a recent publication on organisation of rDNA in early land plants (Rosato et al. 2016) contributing new data for 131 taxa. The number of families has grown to 114 (35.71% increase) and genera to 540 (53.85% increase). This data can be visualized in Fig. 2 .
In total, data are available for seven divisions of land plants: Bryophyta (mosses), Cycadophyta (cycads), Ginkgophyta (ginkgoes), Magnoliophyta (flowering plants), Marchantiophyta (liverworts) and Pinophyta (conifers). With the present update there are new records for 29 new families, including the well-known Araceae, Bromeliaceae, Cistaceae and Myrtaceae. Yet, some economically important plant families such as Aceraceae, Boraginaceae, Ericaceae, Hammamelidaceae, Lauraceae or Piperaceae still lack any representation in the database. On the other end of familial representation, the most common families in the database continue being the crop-rich Poaceae (18.11% of entries), Asteraceae (11.81%), Fabaceae (10.85%), Solanaceae (5.15%), Brassicaceae (4.87%) and Amaranthaceae (3.06%) excluding duplicates (Fig. 3) .
Within the database, chromosome numbers (2n) range from four (in Brachycome dichromosomatica C.R.Carter among others; Adachi et al. 1997) (Garcia et al. 2017 ).
The preferred position for 35S is the subterminal (74.84%), being interstitial in 4.58% of cases and centromeric in only 3.36%; the remaining 17.22% of records present mixed positions. Conversely, 5S has no clear predilection for a particular location, although the most common is the interstitial (34.49%) followed by the subterminal (26.46%) and the pericentromeric (20.75%), the remaining 18.3% of records presenting mixed positions. For the entries with data for both 5S and 35S, in 33.58% at least one chromosome pair has both the 5S and 35S in the same chromosome, being 72.40% of these in the same arm.
We discussed recently the significance of the preferred locations of rDNA in chromosomes (Garcia et al. 2017) . Whereas in the case of the mostly subterminal 35S it was related with the functionality as nucleolar organizer regions of these genes, the more disperse 5S site location could be connected with the high mobility of 5S rRNA gene sequences, found linked to transposable elements repeatedly (Drouin and Moniz de Sá, 1995; Kapitonov and Jurka, 2003; Kalendar et al. 2008; Wicke et al. 2011) or as extrachromosomal circles (Cohen et al. 2010) .
With respect to the arrangement of rRNA genes in chromosomes, most taxa (90.69% of entries) present the unlinked arrangement, in which 5S and 35S rRNA genes are physically separated while only 3.07% show the linked arrangement. In the remainder 6.24% of entries, images from in situ hybridization suggest that both rDNAs are located in close proximity and may be linked, although physical linkage remains to be proven at the molecular level. As shown by Garcia et al. 2017 , the separate arrangement of rRNA genes was reconstructed as the ancestral condition in land plants. Its dominant prevalence, not only in plants but also in animals, may be related to the transcription of every rDNA occurring in different cellular compartments and for which a separate organisation would be beneficial (Layat et al. 2012) .
New data included: telomere composition and sequenced plant genomes
The database has newly incorporated information on which plant genomes have been fully sequenced (until February 2017) and a new tab has been created organizing these species by families. With the advent of NGS technology, more plant genomes are being sequenced and this information is made easily accessible to users directly from the webpage. Within the catalogue, each species name has a direct hyperlink to the source publication of the corresponding genome. Out of the species present in the database, the genome has been fully sequenced for 88 of them, representing 468 entries (12.37% of the database). Certainly, most of the species with a full genome sequenced are model plants or crops from Brassicaceae, Fabaceae, Poaceae and Solanaceae. These are also the most represented in the plant rDNA database, with the significant exception of Asteraceae with only two species fully sequenced to date (Conyza canadensis (L.) Cronquist, synonym of Erigeron canadensis L., and Cynara cardunculus L.) besides being one of the most crop-rich and species-rich plant families.
In addition to information to fully sequenced genomes, the database also includes, as novelty, evidence on telomere composition. Data on telomere motives has been extracted from the same source publication of rDNA-FISH, in the cases where this information was also included. In addition, other publications have been consulted, addressing telomere composition in relatively large datasets representing different plant groups (i.e. Thomas et al. 1996; Adams et al. 2001; Sýkorová et al. 2003a Sýkorová et al. , 2003b Suzuki, 2004; Shibata and Hizume, 2011 (Sýkorová et al. 2003a) , although these might correspond in some cases to cross-hybridisation artefacts. The absence of Arabidopsis-type is also occasionally reported , such as in species from the genera Sessea, Vestia (Solanaceae) and Oenothera (Onagraceae) in which the Arabidopsis-type telomere probe did not hybridize with the chromosome spreads (Peška et al. 2008; Golzyck et al. 2014 ).
In order to organize the data on telomere composition, some assumptions have been made. When a given telomere sequence has been confirmed for several species of a genus, it is considered that any other species from the same genus would present the same telomeres, although we indicate that this is an assumption based on another species. However, very exceptionally, some genera present species with different telomeric repeats such as the carnivorous Genlisea (Tran et al. 2015) . In the same line, we state that a given species may have "probably" or "possibly" a given telomere type when there is evidence at the family or order level, respectively, indicating in which species the assumption is based on. Finally, when there is no evidence above the taxonomic level order we state that the telomere composition is unknown (except in bryophytes and pteridophytes, for which we consider the level division instead of the order category).
Considering this, the telomere composition is confidently known for 16.90% of the entries, representing only 9.60% of the species in the database. However, if we accept that telomeres rarely change at the genus level, 64.77% of the entries could be considered as known regarding telomere composition, corresponding to 36.79% of the species. In other words, 63.21% of the species in the database have fairly unknown telomere composition. Out of the aforementioned species with known telomeres, 24.59% present Arabidopsis-type, 11.27% present a mixture of telomere sequences (mostly human and Arabidopsis), 0.65% are Allium-type and 0.28% are Cestrum-type (in terms of database entries: 43.29%, 19.84%, 1.14% and 0.50% respectively). In view of these results, the telomere field of research could potentially expand to uncover new plant telomere sequences in the coming years, and the database could be used as a starting point to select candidate species for further research.
Complementary information
In order to complement the primary information (chromosome number, ploidy level and numbers and positions of 5S and 35S rDNA loci) the database provides additional data. Genome sizes (2C) are supplied for 48.61% of entries (Garnatje et al. 2011 and Leitch 2012) , ranging between 0.13 (Genlisea margaretae Hutch.) and 125.67 pg (Fritillaria imperialis L.). Information on life cycle is also included when available (69.98% of entries in the database), being the perennial the most common (63.13%). The presence of secondary constrictions, an indication of NOR activity, is described in some papers reporting rDNA-FISH. The database reports this information for 50.01% of the entries included.
Other improvements to the database
One of the new possibilities that the database offers is the inclusion of the order taxonomic category. In this regard, data are now available for 53 orders, and data can be browsed by this category too. New orders included in this update are mostly from bryophytes (Dicranales, Funariales, Hypnales, Jungermanniales, Lunulariales, Polytrichiales, Porellales and Pottiales) and the eudicot order Oxalidales. Following the recent edition of the APG IV system (2016), family Xanthorreaceae has been changed to Asphodelaceae. Also, species from orders Ranunculales and Proteales have been placed as basal eudicots whereas the remaining eudicots have been renamed as core eudicots.
In the previous editions of the plant rDNA database, the hybrid status of a given entry was indicated in the field "observations" together with other diverse information that could be interesting (e.g. name or locality of the population studied, accession number, any cytogenetic particularity like presence of B-chromosomes, etc.). However, we thought that it could be interesting that information on hybrid origin was available as an option in the database due to the fact that hybridization processes can impact rDNA loci, both in numbers and distribution in chromosomes. Therefore, in this new version of the database, this information has been extracted and placed independently, and eventually further analysis could be performed. Additionally, hybrids are classified in different types: intervarietal, interspecific and intergeneric. The latter is particularly relevant for certain crops such as Triticale (Triticum × Secale) or Festulolium (Festuca × Lolium).
Besides, the web page has been thoroughly reviewed and mistakes have been corrected. Broken hyperlinks have been replaced and outdated pages in the "links" tab have been deleted. Other webpages, such as the recent Chromosome Counts Database (http://ccdb.tau.ac.il/home/), a new resource providing updated chromosome counts for plant species (Rice et al. 2015) , have been added to the list of interesting resources.
Conclusion and future directions
The third release of the Plant rDNA database witnesses the still rising interest among the plant cytogenetics community on data on rDNA loci number, distribution and structure, despite being one of the first chromosomal markers to be used (the first paper on plant rDNA FISH dates back to 1974). As far as we are aware, the database is the most comprehensive resource available for information on 5S and 35S rDNA loci in plants, and the only one providing details on telomere composition, which may help guiding future research in order to find possible new telomere motives. Besides, a parallel initiative from our research team presenting the same kind of information for animals (www.animalrdnadatabase.com, J. Sochorová et al. under review) will soon be released. Further work will establish comparisons between trends found in plants and animals and may improve our understanding of the evolution of these vital DNA regions. Last but not least, the inclusion of which plant genomes have been fully sequenced up to date is also a helpful resource, not only for researchers interested in rDNA loci (which will know if their plant of interest has been fully sequenced or not) but as an updated and user-friendly summary tracking published plant genomes for the plant research community. The significant increase in available data on rDNA loci observed, the boost in knowledge about plant telomere sequences and the likely expansion of new plant species whose genome will be sequenced in the coming years, trigger our determination to perform regular content updates to our resource, which now provides more complete information on plant karyotypes and genomic composition. 3 . The most represented families in the database in terms of number of entries (left axis) and percentage with respect to the whole database (right axis), highlighting in light blue the proportion of records of the most popular genus in each family, excluding duplicated data: Triticum for Poaceae (9.50% of entries), Artemisia for Asteraceae (13.30%), Arachis for Fabaceae (20.43%), Nicotiana for Solanaceae (26.34%), Brassica for Brassicaceae (46.11%), Chenopodium for Amaranthaceae (55.23%).
